Xanthan is an exopolysaccharide produced by a plant-pathogenic bacterium, Xanthomonas campestris. This polysaccharide has a cellulosic backbone with trisaccharide side chains composed of mannose-(␤-1,4)-glucuronic acid-(␤-1,2)-mannose attached to alternate glucosyl residues through ␣-1,3 linkages (15, 24) . The mannosyl residues at the reducing and nonreducing termini of the side chains are often acetylated and pyruvylated, respectively, although the extent of modification varies with the culture conditions and bacterial strain (26) . We have already analyzed the depolymerization pathway for xanthan ( Fig. 1 ) in a bacterium, Bacillus sp. strain GL1 (20) . Xanthan is depolymerized to a tetrasaccharide consisting of unsaturated glucuronyl, acetylated mannosyl, and two glucosyl residues by extracellular xanthan lyase (6) and endo-␤-D-glucanase (20) . This tetrasaccharide is thought to be degraded to the constituent monosaccharides through the successive actions of intracellular ␤-D-glucosidase (5), unsaturated glucuronyl hydrolase (4) , and ␣-mannosidase. The functions and molecular structures of the four enzymes other than ␣-mannosidase involved in the xanthan depolymerization pathway of Bacillus sp. strain GL1 have already been analyzed (4, 5, 6, 20) .
The class I ␣-mannosidase (␣-1,2-mannosidase; EC 3.2.1.113) and the class II ␣-mannosidase (␣-1,3-1,6-mannosidase; EC 3.2.1.114) are key enzymes in the maturation of N-linked oligosaccharides in eucaryotic organisms (13) . Based on their amino acid sequence similarities, glycoside hydrolases have been classified into 87 families (10, 11, 12 ; Carbohydrate-Active Enzymes server [http://afmb.cnrs-mrs.fr/ϳpedro/CAZY/db.html]). Class I and II ␣-mannosidases belong to glycoside hydrolase families 47 and 38, respectively.
On the other hand, no extensive studies of bacterial ␣-mannosidases with properties similar to those of eucaryotic family 38 or family 47 hydrolases have been performed. Maruyama et al. described the purification and characterization of a bacterial ␣-1,2-mannosidase whose properties resemble those of family 47 enzymes (18) . However, it is not clear whether this enzyme is a member of family 47, because its amino acid sequence has not been determined. The nucleotide sequences of the following four kinds of bacterial ␣-mannosidase genes exhibiting similarity to the sequences of family 38 ␣-mannosidase genes have been registered:genes of Bacillus halodurans (accession no. AB026114), Mycobacterium tuberculosis (Z92772-28), Synechocystis sp. (D63999-6), and Thermotoga maritima (AE001822-6). There have, however, been no reports of purification of native ␣-mannosidases. No nucleotide sequences of bacterial genes homologous to family 47 ␣-mannosidase genes have been registered either. In order to completely elucidate the xanthan degradation pathway and to gain insight into the nature of ␣-mannosidases in bacteria, in this study we attempted to purify and characterize the enzyme of Bacillus sp. strain GL1.
MATERIALS AND METHODS

Materials.
Pyruvylated xanthan (average molecular mass, 2 ϫ 10 6 Da; pyruvylation of terminal mannosyl residues in the side chains, 50%) was a gift from Kohjin Co., Tokyo, Japan. Silica Gel 60/Kieselguhr F 254 thin-layer chromatography (TLC) plates were obtained from E. Merck, Darmstadt, Germany. ButylToyopearl 650M was purchased from Tosoh Co., Tokyo, Japan, DEAE-cellulose was obtained from Nacalai Tesque Co., Kyoto, Japan, and Sephacryl S-200HR was obtained from Pharmacia Biotech Co., Uppsala, Sweden. p-Nitrophenyl (pNP) sugars, cellobiose, and ␣-1,2-, ␣-1,3-, ␣-1,4-, and ␣-1,6-mannobioses were obtained from Sigma Chemical Co., St. Louis, Mo. Restriction endonucleases, DNA-modifying enzymes, vectors pUC118, pUC119, and pET14b, and Escherichia coli BL21(DE3) competent cells were obtained from Takara Shuzo Co., Kyoto, Japan, or Toyobo Co., Tokyo, Japan. A digoxigenin (DIG) high prime DNA labeling and detection starter kit II was obtained from Boehringer GmbH, Mannheim, Germany. The glucose CII test for glucose assays was purchased from Wako Pure Chemicals Co., Osaka, Japan.
Microorganisms and culture conditions. For purification of ␣-mannosidase, cells of Bacillus sp. strain GL1 were cultured aerobically at 30°C for 48 h in a liquid xanthan medium (10 Assay for enzyme. Unless otherwise specified, ␣-mannosidase activity was assayed at 30°C in a 0. Purification of ␣-mannosidase. Unless otherwise specified, all procedures used for purification of ␣-mannosidase were performed at 0 to 4°C. Cells (23 g, wet weight) of Bacillus sp. strain GL1 grown on xanthan medium were collected by centrifugation at 13,000 ϫ g for 10 min, washed with 20 mM KPB (pH 7.0), and then resuspended in the same buffer (80 ml). The cells were ultrasonically disrupted (Insonator model 201 M; Kubota, Tokyo, Japan) at 9 kHz for 10 min, and the clear solution obtained after centrifugation at 15,000 ϫ g for 20 min was dialyzed against 20 mM KPB (pH 7.0) overnight. The dialysate was applied to a DEAE-cellulose column (4.7 by 41 cm) equilibrated with 20 mM KPB (pH 7.0). The enzyme was eluted with a linear gradient of NaCl (0 to 1.0 M) in the same buffer (2 liters), and 18-ml portions were collected every 9 min. The active fractions (fractions 66 to 77) were combined (212 ml), and 37 g of ammonium sulfate was dissolved in the solution (30% saturation). The enzyme solution was then applied to a Butyl-Toyopearl 650M column (2.7 by 17 cm) equilibrated with 20 mM KPB (pH 7.0) to which ammonium sulfate (176 g per liter, 30% saturation) had been added. The enzyme was eluted with a linear gradient of ammonium sulfate (30 to 0%) in 500 ml of 20 mM KPB (pH 7.0), and 4-ml portions were collected every 4 min. The active fractions (fractions 67 to 71) were combined (21 ml), concentrated by ultrafiltration with a model 8200 concentrator (Amicon Co., Beverly, Mass.) to a volume of about 3 ml, and then applied to a Sephacryl S-200HR column (2.7 by 64 cm) equilibrated with 20 mM KPB (pH 7.0) containing 0.15 M NaCl. The enzyme was eluted with the same buffer, and 3-ml portions were collected every 6 min. The enzyme eluted in fractions 56 to 63. These fractions were pooled, dialyzed overnight against 20 mM KPB (pH 7.0), and then used as the purified ␣-mannosidase.
Electrophoresis. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and native gradient PAGE were performed by the methods of Laemmli (16) and Davis (3), respectively.
Isoelectric focusing. Isoelectric focusing was performed by using an IPGphor system (Amersham Pharmacia Biotech Inc., Piscataway, N.J.) as described in the manufacturer's manual.
Preparation of xanthan and gellan depolymerization products.
were prepared by the methods described previously (7, 20) .
TLC. Degradation of disaccharides by ␣-mannosidase was analyzed by TLC with a 1-butanol-acetic acid-water (2:1:1, vol/vol/vol) solvent system. The reaction products were visualized by heating the TLC plates at 110°C for 5 min after they were sprayed with 10% (vol/vol) sulfuric acid in ethanol.
N-terminal amino acid sequence of ␣-mannosidase. The N-terminal amino acid sequence of ␣-mannosidase was determined by Edman degradation by using a Procise 492 protein sequencing system (Applied Biosystems Div., PerkinElmer, Foster City, Calif.).
DNA sequence and DNA manipulations. The DNA sequence of the ␣-mannosidase gene was determined by the dideoxy chain termination method with an automated DNA sequencer (model 377; Applied Biosystems Div., Perkin-Elmer) (27) . Subcloning, transformation, and gel electrophoresis were performed by using the methods described by Sambrook et al. (25) .
Molecular cloning of the ␣-mannosidase gene. (i) First colony hybridization. A genomic DNA library of Bacillus sp. strain GL1 previously constructed in E. coli (8) was screened by colony hybridization (2) by using a 32 P-labeled probe (5Ј-ATGTTYTGGATHGTNGARAAR-3Ј) corresponding to the N-terminal amino acid sequence of ␣-mannosidase. Positive clones obtained by hybridization were cultured in Luria-Bertani medium (19) supplemented with 50 g of ampicillin per ml. Plasmids were extracted from the clones, and then the nucleotide sequences of the genomic fragments inserted into the plasmids were determined. These sequences were used to search databases with the FASTA program.
(ii) Second colony hybridization. The Eco47III-NruI fragment (745 bp) in pMan20 (one of the plasmids obtained during the first colony hybridization) was isolated and labeled with digoxigenin (designated probeDA). Genomic DNA of the bacterium was digested with several restriction enzymes. After Southern blotting following electrophoresis on an agarose gel, hybridization with probeDA was performed. Since an approximately 2.5-kb XmaI fragment hybridized with probeDA, genomic DNA of the bacterium was completely digested with XmaI, and 1.4-to 3.5-kbp fragments were obtained by electroelution on an agarose gel. The fragments were ligated into XmaI-digested pUC119. Cells of E. coli DH5␣ were transformed with the ligated DNAs (designated the XmaI library). The second colony hybridization was carried out by using the XmaI library and a 32 P-labeled probe (5Ј-ATGTTTTGGATCGTGGAGAAGCTTC-3Ј) encoding the N-terminal amino acids of ␣-mannosidase, which was determined from the nucleotide sequence of the genomic fragment inserted into pMan20. Plasmids were extracted from positive clones by procedures similar to those described above.
(iii) Third colony hybridization. The EcoRI-XmaI fragment (467 bp) in pMan86 (one of the plasmids obtained during the second colony hybridization) was isolated and labeled with digoxigenin (designated probeDB). Since an approximately 2.0-kb fragment of HindIII-digested genomic DNA of the bacterium hybridized with probeDB, 1.5-to 3.2-kbp fragments of HindIII-digested genomic DNA were obtained as described above. The fragments were ligated into HindIII-digested pUC118. Cells of E. coli DH5␣ were transformed with the ligated DNAs (designated the HindIII library). The third colony hybridization was carried out by using the HindIII library and a 32 P-labeled probe (5Ј-CATT ACGAGCTCGCGTTCGACGAAG-3Ј) corresponding to the nucleotide sequence of the 3Ј terminus of the genomic fragment inserted into pMan86. Plasmids were extracted from positive clones as described above.
Construction of an expression vector. The ␣-mannosidase gene with NcoI and Bpu1102I sites just upstream of the initiation codon and downstream of the stop codon, respectively, was amplified by PCR by using the genomic DNA of Bacillus sp. strain GL1 as a template and synthetic oligonucleotides (5Ј-GGGCCATGG GCATGTTTTGGATCGTGGAGAAGCTTC-3Ј and 5Ј-TTTGCTGAGCTTA ACGCAGCCGAATGAGGAACGTC-3Ј) as primers. The amplified gene was digested with NcoI and Bpu1102I and then ligated with an expression vector (pET14b), and the resultant plasmid was designated pET14b-Man.
Nucleotide sequence accession number. The nucleotide sequence of the ␣-mannosidase gene reported in this paper has been deposited in the DDBJ, EMBL, and GenBank nucleotide sequence databases under accession no. AB026114.
RESULTS AND DISCUSSION
Purification and characterization of ␣-mannosidase. ␣-Mannosidase was purified approximately 15-fold with an activity yield of 2.6% from a cell extract of Bacillus sp. strain GL1 grown in the xanthan medium ( Table 1 ). The purified enzyme was homogeneous as determined by native gradient PAGE ( Fig. 2A) , SDS-PAGE (Fig. 2B) , and isoelectric focusing (pI 5.5) (data not shown).
(i) Molecular mass. The molecular mass of the native protein was estimated to be approximately 350 kDa by native PAGE performed with a linear 2 to 15% polyacrylamide gradient (1) (Fig. 2A) and gel filtration with a calibrated column of Sephacryl S-200HR (data not shown). On the other hand, were investigated by analyzing the reaction products by TLC (Fig.  3) . The enzyme hydrolyzed D-mannosyl-(␣-1,3)-D-glucose with the release of equimolar amounts of mannose and glucose, the latter of which was enzymatically determined by using glucose oxidase (data not shown). Cellobiose and L-rhamnosyl-(␣-1,3)-Dglucose were inert as substrates for the enzyme. The results indicate that the enzyme catalyzes the last step of the xanthan depolymerization pathway of Bacillus sp. strain GL1 (Fig. 1) .
Most of eucaryotic ␣-mannosidases belonging to families 38 and 47 participate in the biosynthesis of N-glycans having ␣-1,2-, ␣-1,3-, and ␣-1,6-linked mannose residues. Family 38 ␣-mannosidases hydrolyze ␣-1,3-and ␣-1,6-linked mannose residues, while family 47 ␣-mannosidases hydrolyze ␣-1,2-linked mannose residues. However, ␣-mannosidase of Bacillus sp. strain GL1 was specific for ␣-1,2-and ␣-1,3-mannobioses and inactive on ␣-1,4-and ␣-1,6-mannobioses, indicating that the manner of hydrolysis of the bacterial enzyme is different from that of eucaryotic ␣-mannosidases.
(iii) pH and temperature. The enzyme was most active at pH 7.5 to 9.0 (Fig. 4A) and 50°C (Fig. 4B) under the conditions employed. About 90% of the activity was lost during incubation at 60°C (Fig. 4C) .
(iv) Metal ions and other compounds. Reactions were performed at 30°C for 10 min in the absence or presence of metal ions and other compounds (1 mM). Hg 2ϩ and Cu 2ϩ inhibited the activity of the enzyme by 90 and 70%, respectively. Co 2ϩ and Mn 2ϩ were potent activators of the enzyme, increasing the activity nine-and twofold, respectively. Other metal ions (Mg 2ϩ , Al 3ϩ , Ca 2ϩ , Fe 2ϩ , and Zn 2ϩ ), thiol reagents (dithiothreitol, glutathione [reduced form], and 2-mercaptoethanol), and iodoacetic acid had little effect on the enzyme activity. Recently, the crystal structure of Drosophila melanogaster Golgi ␣-mannosidase II (a family 38 ␣-mannosidase) was determined, and this enzyme was found to contain Zn 2ϩ in an active site (29) . The ␣-mannosidase activity of Bacillus sp. strain GL1 decreased 65% in the presence of EDTA (1 mM). However, the presence of Zn 2ϩ (or Co 2ϩ ) in an active site of the enzyme was not confirmed, since metal replacement experiments were unsuccessful.
(v) N-terminal amino acid sequence. The N-terminal amino acid sequence of ␣-mannosidase was determined to be 1 MFWIVEKLQK 10 Molecular cloning and sequence analysis of the ␣-mannosidase gene. The first colony hybridization was carried out as described in Materials and Methods by using a probe encoding the N-terminal amino acid sequence of ␣-mannosidase. Several positive clones harboring plasmids containing genomic fragments of Bacillus sp. strain GL1 were obtained. The nucleotide sequences of the genomic fragments showed that these clones contained only part of the sequence of the ␣-mannosidase gene (from the 5Ј region upstream of the start codon to the BamHI site 1,258 nucleotides downstream of the start codon). In order to obtain the complete ␣-mannosidase gene, the second and third colony hybridizations were carried out. The former gave a clone containing a plasmid with the region downstream of the BamHI site in the ␣-mannosidase gene (2,312 bp; designated pMan86), and the latter gave a clone containing a plasmid with a fragment containing the stop codon of the ␣-mannosidase gene (ca. 2 kbp; designated pMan87). The nucleotide sequence of the complete ␣-mannosidase gene was determined by overlapping the sequences of the fragments present in pMan20, pMan86, and pMan87. The gene contained a 3,144-bp open reading frame (ORF) capable of coding for a polypeptide with a molecular weight of 119,239. The predicted amino acid sequence encoded by the ORF was found to contain the N-terminal amino acid sequence (MFWIVEKLQK) ( 1 Met to 10 Lys) of ␣-mannosidase purified from cells of Bacillus sp. strain GL1. A genomic PCR with primers based on the 5Ј-and 3Ј-terminal sequences of the ␣-mannosidase gene was performed, and an amplified fragment with the predicted size was subcloned into pET14b (pET14b-Man). A transformant of E. coli BL21(DE3) containing pET14b-Man exhibited apparent ␣-mannosidase activity, which is absent in E. coli BL21(DE3) transformed with pET14b. These results indicate that the deduced amino acid sequence represents the primary structure of the enzyme. A probable ribosome-binding site (Shine-Dalgarno sequence; GGAGG) (28) was located just before the start codon of the ORF. No apparent promoter exhibiting homology to the E. coli consensus promoter (9) was found in the 5Ј region upstream of the initiation codon of the ORF. A terminator was not observed downstream of the stop codon.
The deduced amino acid sequence of the ␣-mannosidase of Bacillus sp. strain GL1 was used to search protein databases with the FASTA program (22) . The enzyme showed the highest identity score with B. halodurans ␣-mannosidase (48.2% identity in a 1,050-amino-acid overlap). Fairly high identity scores were also found for human cytosolic ␣-mannosidase (35.0% identity in a 1,011-amino-acid overlap), rat liver endoplasmic reticulum ␣-mannosidase (34.1% identity in a 1,012-amino-acid overlap), Emericella nidulans ␣-mannosidase (33.6% identity in a 977-amino-acid overlap), and D. melanogaster Golgi ␣-mannosidase II (22.2% identity in a 441-aminoacid overlap). Howard et al. (14) and Numao et al. (21) have reported on the catalytic nucleophile of family 38 ␣-mannosidases. Family 38 ␣-mannosidases have a highly conserved consensus sequence, and the Asp in the sequence has been found to function as the catalytic nucleophile. A sequence ( 355 YLWLPDVFGYSWALPQIL 372 ) similar to the consensus sequence was present in the deduced amino acid sequence of the enzyme of Bacillus sp. strain GL1, confirming that the ␣-mannosidase of Bacillus sp. strain GL1 belongs to family 38. Although the M. tuberculosis ␣-mannosidase gene exhibiting sequence similarity to the genes encoding rat family 38 ␣-mannosidases was isolated and expressed in E. coli and the properties of the recombinant enzyme were determined (23) , no information on the native ␣-mannosidases has been presented so far. Therefore, the genetic and enzymatic study of Bacillus sp. strain GL1 ␣-mannosidase described in this paper is the first complete study of a bacterial ␣-mannosidase belonging to glycoside hydrolase family 38. FIG. 4 . Effects of pH and temperature on the activity and stability of ␣-mannosidase. (A) Effect of pH. Reactions were performed in the following buffers (50 mM) at 30°C for 10 min: sodium acetate (E), KPB (OE), sodium HEPES (ᮀ), glycine-NaOH (‚), and sodium phosphate (s). The activity at pH 9.0 in glycine-NaOH buffer was defined as 100%. (B) Effect of temperature. Reactions were performed at various temperatures in KPB (pH 7.0) for 10 min. The activity at 50°C was defined as 100%. (C) Thermal stability. After preincubation of the enzyme for 10 min at various temperatures, the reaction was performed at 30°C in KPB (pH 7.0) for 10 min. The activity of the enzyme before the treatment was defined as 100%. 
